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Abstract — Healthcare-associated infections
(HAISs) are a public health threat. The etiological agents
responsible for these infections are diverse and often
resistant to antibiotics. Bacteria are able to assemble
biofilms persisting in healthcare units, becoming more
resistant to antibiotic and being responsible for HAIs
onset and spread.

Bacteria isolated from samples, collected in
hospitals fulfilling the criteria of HAI, were used. The
selected bacteria comprise classical  (Klebsiella
pneumoniae) and emergent agents of HAI
(Nontuberculous mycobacteria: NTM). Bacterial ability
to assemble biofilms on cell culture plates was evaluated
by the microtiter plate test. The structural features of
bacteria (planktonic and biofilms) were accessed using
scanning electron microscopy (SEM). Biofilms assembled
on the model surface (cell culture plate) and on abiotic
surfaces present in healthcare units (e.g. silicon) were
characterized. For K. pneumoniae strains the ability to
assemble biofilms on biotic surfaces (HeLa cells) was also
evaluated.

The SEM analysis allowed the identification of
differences between planktonic and sessile bacteria,
which were linked to increased virulence. The results
showed that biofilm assembly depends on bacteria and
abiotic surface. On biotic surfaces, the biofilm assembly
is dependent on tropism relations between bacteria and
the host. For NTM biofilm was possible to identify
factors involved in biofilm assembly: sliding and
membrane charges. In the case of K.pneumoniae this
relation was not establish. Nevertheless, it was possible to
establish a link between the ability to assemble biofilm
and increased antibiotic resistance. Altogether these data
revealed a relation between biofilm assembly, antibiotic
resistance and spread of HAIs.
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l. INTRODUCTION

H ealthcare-associated infections (HAIS) are a significant
consequence of hospitalization. These infections are one of
the leading causes of death and morbidity among

hospitalized patients, occurring after 48h of hospitalization
[1,2,3].

Factors such environmental or patient-related can
contribute to the development of HAIs [4], however
etiological agents are responsible for HAIs spread. These
agents are bacteria, viruses, fungi and parasites [5, 6], being
bacteria the most frequent one. Bacteria divide into Gram-
negative and Gram-positive bacteria, according to cell wall
composition. Gram-negative bacteria are hydrophilic [7, 8,
9] while Gram-positive are hydrophobic [7, 9, 10, 11]. In
this study, both bacteria types are studied. Gram-negative
bacteria considered in this study are Klebsiella pneumoniae,
and Gram-positive bacteria belong to a group known as
nontuberculous mycobacteria (NTM). Klebsiella
pneumoniae is a classical agent of HAIs, being considered
multirresistant bacteria [12]. Nontuberculous mycobacteria
are recently known as a pathogenic agent, and have being
increased their resistance to antibiotic action. Together with
their cell wall composition, growing time is other difference
between studied strains. Nontuberculous mycobacteria are
considered rapid-growers among mycobacteria, however
their generation time is much longer than K.pneumoniae.

Bacteria increase their resistance, organizing themselves
in a biofilm, being 80% of infections caused by bacteria
within biofilm [13]. Biofilms are described as colonies of
microorganisms that are attached to each other and to a
surface, in an irreversible mode [14, 15]. Biofilm assembly
proceeds through the following phases: reversible
attachment, irreversible attachment, maturation and
dispersion [14, 16]. During attachment, planktonic bacteria
adhere to surface through the sum of attractive and repulsive
forces [14]. Bacterial pili also play a key role in attachment
[17, 18]. Bacteria start to excrete the extracellular polymeric
substance (EPS) that promote attachment [14, 19]. In
maturation, the rate of replication of microorganisms
increases until a mature biofilm is formed [14]. After
maturation, bacteria suffer dispersion originating new
biofilms in other surface areas [14, 19]. Biofilm assembly
can be described as a cycling event (Figure 1).

As already mentioned, biofilms are the major cause of
HAIs onset and spread. Among these infections are urinary
tract infections, nosocomial pneumonia, bloodstream
infection and endocarditis, all related to biofilm colonization
on medical devices [20].
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Figure 1 - Temporal evolution of biofilm.

The different phases of biofilm assembly: (1) reversible attachment,
(2) irreversible attachment, (3,4) mature biofilm assembly and (5)
dispersion are represented.

Adapted from Monroe, 2007 [16].

Healthcare-associated infections can be difficult to treat
due to bacterial resistance to antibiotics [21]. Bacteria within
biofilm become more resistant, surviving to adverse
conditions. Antibiotic may fail to penetrate through biofilm,
due to extracellular matrix, that limit the transport of
antimicrobial agents [22, 23]. However, studies have shown
that biofilm matrix is not the only reason of bacterial
resistance [24]. Bacteria within biofilm have created
mechanisms for antimicrobial action. Mutations, resulting on
horizontal gene transmission can modify antibiotic targets,
promote efflux pumps and enzymes production [9, 20, 25,
26, 27]. Enzymatic inhibition inactivates various antibiotics,
recognizing them and changing their functional
characteristics [9, 26]. Efflux pumps allow antibiotic
excretion from the cell membrane [9, 26]. Molecules have
been synthesized to inhibit cell-to-cell communications
(quorum-sensing - QS). Those molecules are denominated
by quorum-sensing inhibitors (QSIs). This cell-to-cell
communication can regulate the production of virulence
factors, protecting bacteria against phagocytes and
influencing the development of the biofilm [20]. Also,
mature biofilms have developed different resistance
mechanisms. The antibiotic can be deactivated in the first
layers of biofilm. Altering biofilm microenvironment (e.g.
oxygen and pH levels), leads to slow growth of bacteria,
reducing their susceptibility [20]. Other defense mechanism
is the phenotypic states changing, promoting variations in
colony morphology, enhancing virulence and antimicrobial
resistance [28, 29, 30].

To avoid increase resistance of bacteria, there should be a
prudent wuse of antibiotics avoiding overuse and
inappropriate use.

1. MATERIALS AND METHODS
a. Biological Samples

Three reference bacteria strains and four clinical strains
were evaluated in this study. Reference strains are M.
smegmatis mc®155, M. fortuitum ATCC 6841 and M.
chelonae ATCC 35752. Clinical strains are M. fortuitum
747/08, isolated from sputum, K. pneumoniae 2948 and K.
pneumoniae 703;0:1, both isolated from urine and K.

pneumoniae 45 isolated from colonization studies (neck
swab). All strains were grown either using Mueller-Hinton
broth or Mueller-Hinton agar. Klebsiella pneumoniae were
incubated overnight and mycobacteria were incubated for
72h at 37°C.

HelLa cells were used for study bacterial adhesion to a
biotic surface. Cells were culture in DMEM (Lonza)
supplemented with 10% heat inactivated fetal calf serum
(Difco), 1% glutamine (Difco), 1% non essential aminoacids
(Difco), 10,000 IU of penicillin (Difco), 10ug streptomycin
(Difco) and incubated for 2days at 37°C with 5% CO,.

b. Bacteria susceptibility to antibiotics

The antimicrobial activity of amoxicillin (BioRad),
fosfomycin (BioRad), gentamicin (Gibco) and vancomycin
(BioRad) was evaluated by the microdilution method.
Briefly, antibiotics were diluted in Mueller-Hinton broth to
produce a two-fold dilution in the concentrations range of
10000 — 0.0048ug/mL for amoxicillin, 500 — 0.244 pg/mL
for fosfomycin, 12500 — 0.191pg/mL for gentamicin and
1000 — 0.244 pg/mL for vancomycin. A positive control
containing a suspension of bacteria in Mueller-Hinton broth
without antibiotics was performed in parallel. The MIC was
defined as the lowest concentration of antibiotic resulting in
the absence of turbidity after over-night incubation at 37°C.

The minimum inhibitory concentration for biofilm was
performed using the same antibiotics and concentrations
range. After removing the non-adherent bacteria the
antibiotic solutions were added, the attached bacteria were
sonicated in a water table sonicator for 5 minutes and
incubated over-night at 37°C.

c. Bacteria generation time

All bacteria were grown in Mueller-Hinton broth being
harvested after different incubation times. Klebsiella
pneumoniae strains were harvested after 2, 4, 6, 10, 24 and
48 hours. Nontuberculous mycobacteria were harvested after
4, 8, 24, 48, 72 and 120hours. At each harvesting time
bacterial optical density (OD) at 600 hm was determined in a
spectrophotometer (SpectraMax 340PC). The obtained OD
values were converted into bacteria concentration and the
generation time for each bacterium was calculated.

d. Quantification of biofilm formation

The assay was performed in triplicate using 96-well flat-
bottomed cell culture plates (Nunc) as described previously
with small modifications [31]. Briefly, microorganism
suspensions with a final concentration of 10" bacteria per
milliliter were prepared in 0.9% sodium chloride and tenfold
diluted in Mueller-Hinton broth (Difco). Two-hundred
microliters of the bacterial suspension were distributed by
each well being Mueller-Hinton broth used as negative
control. The plates were incubated at 37°C to allow biofilm
formation for different time periods. Then, the content of
each well was aspirated, and each well was vigorously
washed three times with sterile distilled water to remove
non-adherent bacteria. The attached bacteria were then
stained for 15 minutes with 100 pl violet crystal at room



temperature, washed with distilled water three times to
remove dye in excess and allowed to dry at room
temperature. The violet crystal was dissolved in 100 ul of
95% ethanol (Merck) and the optical density at 570nm was
read using a (SpectraMax 340PC).

e. Biofilm assembly on abiotic surfaces

Bacteria were allowed to assemble biofilm for different
time periods on different surfaces. In all cases the incubation
was performed at 37°C in Mueller-Hinton broth.

Biofilm forming ability on abiotic surfaces was
evaluated by microtiter-plate test [32]. Assembly was firstly
performed on a chosen model, a 6-well flat-bottomed sterile
cell culture plate (Nunc), and then on surfaces that mimic
those present in healthcare units (silicon and stainless steel).

The assembly was performed according to bacteria
growth. For K. pneumoniae chosen times were 4, 12, and 24
hours and for NTM were 1, 3 and 5 days. The assembly on
stainless steel was only performed for K. pneumoniae for 12
hours.

f.  Adherence assay on biotic surface

Adhesion assay was performed in a 24-well culture
plate, being seeded 10% cells per well, prior to K.
pneumoniae infection.

Bacteria were prepared from frozen stocks, incubating
them for 18hours at 37°C. Then bacteria were diluted (1:100)
and incubated at 37°C for 24hours. Cultures density was
determined by OD measurement, at 600nm (SpectraMax 340
PC) and viable bacteria were quantified by CFU — colony
forming unit.

Layers of HelLa cells were rinsed twice with 1mL of
DMEM. Bacteria were harvested and rinsed twice with PBS
and resuspended in DMEM with 2% D-mannose (Difco)
without antibiotics. Then 0.1mL of this suspension was
added per well and bacteria were allowed to adhere at 37°C
and in 5% CO, atmosphere for 4, 8 or 24 hours. Wells
without cells were prepared in the same manner to control
bacterial adhesion to plastic.

After the specified incubation times the wells were
rinsed three times with 1mL of PBS. Adherent bacteria were
released by adding 0.2mL of 0.5% Triton X-100 (Sigma) for
5 to 10minutes. Saline solution was added to each sample
which was further diluted and plated in LB media. Adherent
bacteria were quantified by CFU enumeration. Bacterial
adhesion to cells was determined by total CFU number
minus CFU number of bacteria adherent to well without
cells.

g. Zeta potential assay

Klebsiella pneumoniae and all NTM were evaluated in
this assay. A homogenous suspension of each bacteria were
prepared in 0.9% sodium chloride solution and centrifuged
at 2000rmp for 10minutes  (Megafuge 1.0 Heraeus
Instruments). The supernatant was discarded and the
bacterial pellets were fixed with 4% PFA for 15 minutes at
room temperature. Bacteria were washed with PBS and

harvested by centrifugation at 2000 rpm for 10 minutes. The
pellets were resuspended in PBS being the ODggonm
determined. Bacterial suspensions were then further
processed in order to obtain a final ODggg,m OF 0.4.

Zeta potential assay was determined using water (H,0)
pH = 6.3. The experiment was performed with a Malvern
Zetasizer instrument (Zetasizer Nano ZS ZEN 3600,
MALVERN). Briefly, bacterial suspensions were inserted
into a disposable capillary cell.

h.  Sliding motility assay

Nontuberculous mycobacteria strains were grown in
M63 salts medium supplemented with 1mM magnesium
chloride, 0.2% glucose, 0.5% casamino acids, ferrous
chloride (10uM) and a micronutrient solution. M63 medium
was solidified with either 0.17% or 0.3% agar (Difco).
Twenty-five millilitres of sterile medium (65°C) was
dispensed per plate. Plates were allowed to remain at room
temperature overnight and then were inoculated from
colonies by poking with toothpick. The plates were sealed
with parafilm and incubated at 37°C, for 3 days. Bacterial
spreading was then evaluated.

i.  Scanning electron microscopy analysis

Sample preparation

After biofilm assembly, samples were prepared for
scanning electron microscopy visualization under both
secondary or backscattered electron beam. At the end of
each time point, samples were chemically fixed with 2.5%
glutaraldehyde (EMS), 0.05% ruthenium red (Sigma) in
0.2M sodium cacodylate, pH 7.4 (Sigma). Samples were
post-fixed with 1% osmium tetroxide (EMS).

After fixation samples were dehydrated using ethanol in
an increasing concentration: 30% ethanol twice for 15
minutes each time (only for samples analyzed under
secondary electron beam); 50% ethanol twice for 15 minutes
each; 80% ethanol twice for 15 minutes each; 95% ethanol
twice for 15 minutes each; 100% ethanol three times for 20
minutes each. For secondary electron observation, after
dehydration, the samples were immediately transferred onto
glass slides, allowed to dry at room temperature and coated
with carbon (with ~ 20 nm of thickness) using a Sputter
Coater QISOT ES Quorum Technologies. The samples were
mounted in a sample holder with carbon tape and analyzed
with secondary electron beam, under a scanning electron
microscope JSM-7100F JEOL.

For backscattered electron (BS) analysis samples were
further embedded in Epon812 epoxy resin (EMS), i.e,
incubated in propylenoxide (Merck) twice for 15 minutes,
propyleneoxide epon resin (2:1) for 30 minutes,
propyleneoxide : epon resin (1:1) for 30 minutes and left
over night in 100% epon resin. Two additional incubations
in 100% epon resin for 2 hours were performed before
samples were allowed to polymerize at 65° for 3 days.

Once polymerized the blocks were trimmed and
sectioned using an ultramicrotone (Leica). Thin sections



were transferred to coverslips coated with 0.5% (m/v)
gelatin and 0.05% (m/v) chromium potassium sulfate
dodecahydrate (Panreac) and allowed to dry at room
temperature. The sections were contrasted with saturated
uranyl acetate in water, for 30 minutes, followed by
Reynolds lead citrate for 3 minutes. Then the coverslips
were transferred to glass slides and samples were coated and
mounted as described above for secondary electron beam
samples. Samples were analyzed with backscattered electron
beam under a scanning electron microscope JSM-7100F
JEOL.

An alternative procedure was adopted for biofilms
assembled on silicon disks. These samples instead of being
sectioned as described above were prepared as
metallographic samples, by grinding and polishing. Grinding
was performed using a 600, 800, 1200 and 2400 grit SiC
paper. Polishing was performed with diamond particles 6, 3
and 1 microns in diameter. Samples were cleaned with 70%
ethanol and dried with hot air. Both grinding and polishing
were performed on a polisher at 150 rpm.

Samples were coated with carbon (20nm) and mounted
in a sample holder with carbon tape, and analyzed under
backscattered electron beam under an electron microscope
JSM-7100F JEOL.

Data analysis

Scanning electron microscopy micrographs were
analyzed using Image J software. The bacteria length and
width of planktonic and biofilm organized bacteria were
evaluated (Figure 2). The areas of the different biofilms
components were also evaluated as shown in figure 3.
Briefly, biofilm total area, the area occupied by bacteria,
extracellular matrix and channels were determined. The
relative areas occupied by each component were further
calculated.

j. Statistical test

Results of at least three independent experiments were
expressed as the means +/- standard deviation (SD). For the
analysis of backscattered electron SEM data at least one
hundred bacteria present in non-consecutive sections were
evaluated. Statistical significance was assessed by the
Student t-test (two-tailed). A p value of < 0.05 (*) was
considered to be statistically significant.

Figure 2 - Bacterial dimensions determination.

Bacterial dimensions were determined using Image J
software. The length (orange line) and width (blue line)
were determined measuring the strait lines drowned from
the bacterial tips.

(Scale bar = 1um)

Figure 3 — Biofilm constituints.

Bacteria area (purple), extracellular matrix area (orange)
and selected total biofilm area (blue) are represented.
(Scale bar = 1pum)

Il. RESULTS AND DISCUSSION

a. Gram-negative bacteria: Klebsiella pneumoniae

In this work three strains of K. pneumoniae were
studied. Two of them are capsulated (K. pneumoniae 45 and
K. pneumoniae 2948) and the other one is uncapsulated (K.
pneumoniae 703;0:1). First structural features of bacteria
were evaluated by SEM. Micrographs of planktonic bacteria
were obtained by backscattered electron beam, and a
significant number of bacteria were measured in length and
width. It has been concluded that K.pneumoniae strains have
similar lengths and widths, being in good agreement with
literature [33].

Next the growth profile and generation time of bacteria
were evaluated. Both K. pneumoniae 45 and K. pneumoniae
703;0:1 revealed similar growth curves, differing on



generation time, where K. pneumoniae 45 exhibited longer
generation time across time points.

The antibiotic efficacy against bacteria was evaluated by
the minimum inhibitory concentration — MIC. This assay
was performed for both planktonic and biofilm organized
bacteria since we wanted to evaluate the role played by
biofilms on increased antibiotic resistance by K.
pneumoniae. All antibiotics successfully inhibit bacterial
growth, with bacteria organized in biofilm being generically
more resistant [34]. The highest MIC within biofilm was
registered for amoxicillin independently of the K.
pneumoniae strain.

Next, the biofilm assembly was evaluated. Biofilm
assembly was first evaluated on a model surface — cell
culture plate. The three K. pneumoniae strains exhibited the
ability to assemble biofilms although following different
kinetics (Figure 4).

Optical Density (570nm)
Arbitrary units

0 10 20 30 40 50
Time (h)

==@==K_.pneumoniae 45 === K.pneumoniae 2948

=== K pneumoniae 703;0:1

Figure 4 — Kinetic of K. pneumoniae biofilm assembly.

Two bacterial strains (K. pneumoniae 703;0:1 and K.
pneumoniae 45) exhibited similar biomass growth profiles
although the biomass increase was more significant for K.
pneumoniae 703;0:1. The third bacterium (K. pneumoniae
2948) had the smallest amount of biomass. Based on these
data, bacteria could be ranked concerning their biofilm
assembly ability. The best biofilm assembler was K.
pneumoniae 703;0:1 and the worse K. pneumoniae 2948,
being K. pneumoniae 45 in an intermediate position.

It is important to establish a link between biofilm
biomass evolution shown in figure 4 and biofilm phases
described in the literature: attachment, maturation and
dispersion [14]. Attachment stage is first identified, from 2
to 6 hours, where bacteria mass is starting to increase.
Maturation ranges from 6 to 24 hours where biofilm reaches
it maximum biomass. Last, dispersion starts at 24 hours and
goes until 50 hours, where biomass is decreasing.

Once K. pneumoniae biofilm assembly kinetics was
characterized we decided to evaluate their structure. For this

purpose SEM techniques were used and allowed surface
profiles observation. Through observation of obtained
images, it was possible to confirm the biofilm assembly rank
established before. Klebsiella pneumoniae 703;0:1 (Figure
5) was the best biofilm assembler, K. pneumoniae 2948 was
the worse, while K. pneumoniae 45 was in intermediate
position. We could also identify the phases of biofilm
assembly mentioned previously. However, K. pneumoniae
45 revealed to have more difficult to surface attached, for
reasons intrinsic to bacterium. Klebsiella pneumoniae 2948
exhibited maturation phase while the other two bacteria were
already on dispersion phase. As discussed before, K.
pneumoniae 2948 exhibited a different kinetic from the other
two bacteria.

assembled on cell culture plate.

Mature biofilm is shown, being organized
bacteria structures highlighted by red asterisks.
(Scale bar=10um)

The main differences between planktonic and biofilm
organized form were identified. A comparison between
images of planktonic and biofilm revealed the presence of
extracellular matrix and a structural organization of bacteria
within biofilm. Extracellular matrix (EPS) revealed to be
important to maintain the structure of the biofilm, holding
the biofilm together and protecting bacteria from stressful
environmental conditions [35, 36]. Bacteria within biofilm
are organized in a well-defined structure not randomly
dispersed as in planktonic form. A schematic representation
of a biofilm is shown in figure 6.

Figure 6 — Schematic representation of a biofilm.

In order to characterize the internal biofilm structure, we
determined total biofilm area and then the areas occupied by



bacteria and extracellular matrix were measured [37].
Relative areas for bacteria and extracellular matrix within
biofilm were calculated. The analysis of these data shows
that the biofilms composition is different depending on the
bacteria. Klebsiella pneumoniae 703;0:1 biofilms have
higher amounts of bacteria whereas K. pneumoniae 45
biofilms are richer in extracellular matrix. In good
agreement with the biofilm assay and the SEM micrographs
revealing biofilm topography, K. pneumoniae 703;0:1
revealed to have the highest bacterial biomass at all biofilm
assembly phases (Figure 7). At all time points, the relative
area occupied by bacteria in K. pneumoniae 45 biofilms, was
statistically smaller (p<0.010) than in both K. pneumoniae
703;0:1 and K. pneumoniae 2948 biofilms, showing that K.
pneumoniae 45 biofilm is unique. Relative bacterial areas for
the best (K. pneumoniae 703;0:1) and the worse (K.
pneumoniae 2948) biofilm assembler only differ at later
stages, being the relative area occupied by K. pneumoniae
703;0:1 bigger than by K. pneumoniae 2948 (p<0.039).
These data shows that K. pneumoniae 703;0:1 and K.
pneumoniae 2948 assembled similar biofilms although
following different kinetics. As already mentioned, K.
pneumoniae 45 biofilms consisted mostly in EPS, being this
exacerbated production being explained by need of
structures that promote bacterial attachment.
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Figure 7 — Characterization of K. pneumoniae biofilms
assembled on cell culture plates.

The relative amounts of bacteria were evaluated through biofilm
evolution phases. (* p<0.05; ** p<0.01)

Once the ability to assemble biofilm on cell culture plate
was confirmed, the next step was to test this ability on other
surfaces. The chosen surfaces mimic those present in
healthcare units, in order to study the contribution of biofilm
assembly for HAIs spread. The selected materials were
silicon and stainless steel. Silicon is used as coating of
endoscopes and catheters, e.g. urinary catheters [38] and
stainless steel is present in plumbing pipes in hospitals, and
in water delivering-systems [39].

Silicon was the first evaluated surface. As described for
cell culture plate, the phases of biofilm assembly could be

identified and the biofilm assembly rank was kept
unchanged. The differences observed in biofilm assembly
for K. pneumoniae 45 and K. pneumoniae 2948 had also
kept unchanged on silicon biofilms. Despite this fact, the
biofilms assembled on silicon were denser than on cell
culture plate, for all strains.

For stainless steel surface, this work was focused on only
one time point (maturation) chosen with the assumption that
biofilm assembly will follow a Kkinetic similar to the
previously described. The biofilm assembly rank was kept
unchanged, concordant to described for previous surfaces. In
comparison with cell culture plate and silicon, the metallic
surface revealed to be less suitable for biofilm assembly. It
has been shown that hydrophobic, nonpolar surfaces
(plastic) are more suitable for bacterial colonization than
hydrophilic materials (metal) [40, 41].

After evaluating the biofilm assembly on abiotic surfaces,
the adhesion to biotic surfaces in vitro was evaluated, to
mimic in vivo interactions between bacteria and human cells.
The adhesion assay was performed to evaluate the existence
of preferential bacterial adhesion to a model of epithelial
cells (HeLa cells). The existence of preferential adhesion to
HeLa cells was translated by existence of colony forming
units (Table 1).

Table 1 — Adhesion assay.

Bacteria (CFU)
Time (h) K iae 45 Ky 703;0:1 Kp iae 2948
Average sD Average SD Average SD
4 4.25E+06 T.0TE+04
8 6.60E+06 5.66E+04

The results shown that only K. pneumoniae 45 adheres
preferentially to human cells, however HelLa cells are not
able to phagocyte this bacterium. This preferential adhesion
can be due to cell tropism [42]. As referred before, K
pneumoniae 45 was isolated from skin (neck scrub). The
cells present in this sample and HelLa cells are both
epithelial which could explain the tropism of K pneumoniae
45. In opposition, K. pneumoniae 703;0:1 which did not
show preferential adhesion to HelLa cells, was phagocytized
being observed within the cytoplasm [Figure 8).

.
Figure 8 — Phagocytized K. pneumoniae 703;0:1.
Optical microscopy micrograph shown K. pneumoniae
703;0:1 being part of cell cytoplasm. Bacteria phagocytized
are highlighted by red circles.



The selective phagocytosis of K. pneumoniae 703;0:1
could be explained by the absence of a capsule. This
bacterium was the only studied bacterium devoid of capsule.
The presence of a capsule is related to virulence, protecting
bacteria from ingestion by phagocytes [43]. Other identified
structures  contributing to microorganism’s enhanced
virulence were pili and EPS. Pili are related to initial
bacterial attachment, promoting adherence to host and
contributing to increased virulence of pathogens [44].
Excreted EPS increases bacterial virulence by preventing
antibiotics to reach their bacterial targets.

Altogether our data show that biofilm assembly in
abiotic and biotic surfaces follows different rules. Despite
this fact, several players collectively referred as virulence
factors, are involved in the final outcome.

b. Gram-positive bacteria: Nontuberculous mycobacteria

Nontuberculous mycobacteria (NTM) are heterogeneous
group of microorganisms including environmental bacteria
and human pathogens. In this work, four NTM strains were
used: Mycobacterium smegmatis mc®155, M. fortuitum
747/08, M. fortuitum ATCC 6841 and M. chelonae ATCC
35752, Nontuberculous mycobacteria antibiotic
susceptibility is determined by the minimum inhibitory
concentration as described before for K. pneumoniae [45].
Most of strains are resistant to antibiotics, revealing an
increase of MIC value in biofilm organized form [46].

The NTM strains were studied following the same
strategy described for K. pneumoniae. Micrographs of
planktonic bacteria were obtained by SEM, under
backscattered electron beam, and a significant number of
bacteria were measured in length and width. The obtained
cell dimensions were in good agreement with literature [47].
Nontuberculous mycobacteria strains cells were similar in
length and width, except for M. fortuitum ATCC 6841 which
both length and width are different from other studied NTM
strains.

Bacterial growth profile and generation time were
evaluated. Nontuberculous mycobacteria behave differently
from K. pneumoniae strains. These strains need longer
incubation time to reach a significant number of bacteria.
Although they have longer growth time in comparison to K.
pneumoniae strains, they have a specific growth pattern.
They are considered rapid-growers among mycobacteria
genus. Regarding to evolution of generation time, NTM and
K. pneumoniae strains behave in a similar way. As the
incubation time increases, the generation time of bacteria
decreases, resulting in faster bacterial division.
Nontuberculous mycobacteria divide slower than K.
pneumoniae being generation time at 24h 6-times slower for
NTM than for K. pneumoniae strains.

Next the biofilm assembly ability was tested. Biofilm
assembly was first evaluated on a model surface (cell culture
plate). For NTM biofilm assembly was assessed for different
periods of time due to its longer generation times, comparing
to K. pneumoniae. Kinetic of biofilm assembly, for NTM, is
shown in figure 9.
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Figure 9 — Kinetic of NTM biofilm assembly.

Initially all strains followed a similar kinetic, while they
are adapting to surface conditions. Mycobacterium chelonae
was the bacterium that assembled less biofilm in initial
stage, due to its longer generation time at early hours,
exhibiting a different kinetic comparing to other strains.
Bacterial growth biomass profiles were similar for both M.
smegmatis and M. fortuitum, although M. smegmatis
biomass increase was more pronounced. For NTM we
followed only the two initial phases of biofilm assembly:
attachment and maturation. The long generation time of
these bacteria raised several experimental constraints, which
do not allow following the biofilm development until
dispersion. Despite this fact, biofilm assembly ability rank
can be established: both M. smegmatis and M. fortuium were
very similar in biofilm assembly ability, while M. chelonae
revealed to be the worse biofilm assembler.

The internal structure of biofilms was also characterized,
as proceeded for K. pneumoniae. Mycobacterium smegmatis
biofilm had higher amounts of bacteria while M. chelonae
biofilm had more extracellular matrix in its composition.
These data are in good agreement with the biofilm assay.
Mature biofilms of both M. smegmatis and M. fortuitum
exhibited similar amounts of biomass (Figure 10). The
relative area occupied by M. chelonae in mature biofilms
was smaller than in the other NTM biofilms. The difference
was significant when compared to M. fortuitum (p=0.006).
As referred before, M. chelonae biofilm assembly ability
was lower than for the other two strains, due to its biofillm
assembly kinetic. The area occupied by extracellular matrix
was higher for M. chelonae. As already discussed, the EPS
production will increase to help bacteria attach to a surface,
and M. chelonae revealed to be the NTM less prone to
assemble biofilm. Altogether it can be claimed that, in spite
the distinct kinetics K. pneumoniae and NTM are governed
by the same factors.
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Figure 10 — Characterization of NTM biofilms assembled on
cell culture plates.
The relative amounts of bacteria were evaluated. (** p<0.01)

Nontuberculous mycobacteria revealed a particular
feature when comparing to K. pneumoniae. Biofilms on cell
culture plates were assembled on two distinct interfaces. The
bottom of the cell culture plate (solid-liquid interface) and
the liquid surface (air-liquid interface) as schematically
illustrated in figure 11. However, this fact has already
described by others, being this “new” biofilm similar to a
pellicle [48, 49]. Through evaluation of air-liquid interface
biofilm structure, it was possible to conclude that floating
biofilms were denser and more compact than bottom
biofilms. This thickness can be explained by the fact that on
air-liquid interface bacteria are in contact with both gaseous
and liquid phases, having privileged access to all nutrients of
both phases, e.g., oxygen [50].
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Figure 11 — Outline of air-liquid assembly, for one NTM
strain.

Bacteria not only attached on cell culture bottom surface (purple)
but also formed a pellicle covering the liquid surface (blue).

Floating bacteria

Surface attached bacteria

To give support to previous conclusion, biofilms
assembled by the same bacterium on different interfaces and

with different ages, were compared. The results shown that 1
day old floating biofilm was denser than 3 days old bottom
biofilm. At higher magnifications, it was possible to observe
the differences in bacteria structure. Bacteria within air-
liquid biofilms were “fused” with each other whereas in the
other interface they were individualized. The fusion
phenomenon is mainly due to the presence of higher
amounts of EPS.

The internal structure of floating biofilms was also
evaluated, revealing an increase of bacteria mass for all
strains. This means that NTM had more ability to assembly
biofilm on air-liquid interface, for the reasons already
described. Altogether our data showed that NTM are prone
to form air-liquid biofilms in good agreement with the fact
of being aerobic microorganisms and highly hydrophobic.
This fact could account for the high rate of NTM found in
water distribution systems.

Last, the biofilm assembly was evaluated on silicon.
These biofilms obeyed to the biofilm assembly phases
described in literature, increasing bacteria number between
attachment and maturation phases. All bacteria exhibited
less biomass on silicon surface than on other studied
surfaces. This means that NTM strains had less ability to
assemble biofilm on silicon. Nevertheless, the rank for
biofilm assembly within NTM tested was kept unchanged.

The fact that NTM strains were less prone to assemble
biofilm on silicon can be explained by surface and
membrane charges. The fact that both silicon and NTM are
hydrophobic could account for this outcome. During
attachment superficial charges play a key role [51]. If
bacteria and the attachment surface have the same charge the
attachment will be hampered since a repulsive phenomenon
will be generated.

c. Exploring factors involved on biofilm assembly

The last part of this work was an attempt to understand
the factors involved in biofilm assembly. Among this we
evaluated zeta potential, electrophoretic mobility and
bacteria ability to move independently of flagella (sliding).

Zeta potential and electrophoretic mobility (EM) values
are related to bacterial membrane charges and biofilm
assembly [52]. As these values decrease, biofilm forming
ability also decreases [53], and bacterial strains with
heterogeneity in zeta potential and EM adhere better to
surface, being more capable of assemble biofilm. All tested
bacteria were negatively charged, and zeta potential and EM
values followed the same tendency. For NTM, data were in
good agreement with the literature. Mycobacterium
fortuitum exhibited a lower zeta potential value than M.
smegmatis, but it was more heterogeneous [52]. This fact
could explain the alternation between both mycobacteria in
biofilm assembly in different experimental conditions.
Mycobacterium chelonae, the bacterium less prone to
assemble biofilm, exhibited the lowest zeta potential as
expected. The same conclusion was not possible to achieve
for K. pneumoniae, probably due to differences in both
bacterial strains cell wall.



Sliding mechanisms were also evaluated, being related
to biofilm assembly ability [15]. Nontuberculous
mycobacteria sliding ability was evaluated on both M63
medium with 0.3% and 0.17% agar. On the first medium
(semi-solid medium) bacteria allowed to grow on the surface
from the inoculation point, surrounding it with a circular
halo. This halo diameter size is correlated with the ability of
bacteria to pack cells within the monolayer [54].
Mycobacterium smegmatis (Figure 12.A) and M. fortuitum
exhibited similar halos, which are bigger than the halo
exhibited by M. chelonae. These data were in good
agreement to  established biofilm ability rank.
Mycobacterium chelonae revealed to be a peculiar
bacterium, having high content in porins within the cell wall
[55, 56] being the less hydrophobic mycobacteria. This fact
could account for its performance both on sliding and
biofilm assembly assays.

On plates with lower agar concentration, bacteria growth
exhibited a finger-like extension pattern initiated on the
inoculation point, being notorious the ability of the best
biofilm assemblers to spread (Figure 12.B).

Ny

Figure 12 — Evaluation of NTM sliding mobility.

Spreading of NTM was evaluated. First strains were allowed to
grow in semi-solid medium with M. smegmatis (A) and
exhibiting larger halo (red circle). To exacerbate bacteria sliding
a medium with 0.17% agar was used.  Mycobacterium.
smegmatis (B) growth exhibited finger-like extensions from the
initial inoculation point (enhanced by red contouring).

V. CONCLUSIONS

All bacteria tested had the ability to assemble biofilms.
Nevertheless, biofilm assembly followed different kinetics
and bacteria exhibited propensity for the different surfaces
evaluated. In general, K. pneumoniae strains had more
ability to assemble biofilm on silicon. This explains the high
rates of colonization in catheters and endoscopes.
Nontuberculous mycobacteria had more ability to assemble
biofilm on air-liquid interface, being mostly common in
water-distribution systems. Klebsiella pneumoniae 703;0:1
was the bacterium with the best performance among the
Gram-negative bacteria. Two of the three NTM tested

M.smegmatis and M.fortuitum, revealed similar ability to
assemble biofilms.

Biofilm assembly was also performed on biotic
surfaces. Here biofilm assembly was governed by factors
distinct from abiotic surfaces. The bacteria tropism for host
cells is an important factor. Additionally, bacteria features
such as presence / absence of capsule were crucial for
bacteria fate.

Bacterial generation time had influence on biofilm
assembly, being crucial for bacteria organization within
biofilm. Other factors as membrane charges and sliding
properties play a key role on biofilm assembly ability. For
NTM a link between these factors and biofilm assembly was
established. However, for K. pneumoniae this relation could
not be achieved. A more detailed study exploring bacteria
properties such as cell wall composition could bring more
insights in this issue.

All studied bacteria were susceptible to tested antibiotics
in vitro. However, bacteria within biofilm could enhance
their resistance to antibiotics up to 1000-fold as compared
with the ones in planktonic form. Several virulence factors,
crucial for increased resistance of microorganisms, have
been identified. Factors within biofilm or intrinsic to bacteria
revealed influence on bacteria increased resistance to
antibiotics. These data revealed that a link between biofilm
assembly, antibiotic resistance and spread of HAIs can be
established.

V. FUTURE WORK

Bacterial adhesion to biotic surfaces revealed evidence
of tropism and of being ruled by factors distinct from abiotic
surfaces. More detailed studies in this area should be
conducted to confirm the tropism, e.g., using bladder
epithelium cells for K. pneumoniae. The identification of the
factors and the mechanisms involved in biofilm assembly in
vivo are an important topic of study that should be carried
out.

The study of a biofilm, assembled on a certain surface,
as a living entity using RNA sequencing could improve our
knowledge. This experimental approach might allow the
identification of specific targets on different stages of
biofilm assembly. If this targets are drugable new strategies
either to avoid or eradicate biofilms could be developed.
Among the strategies to avoid biofilm assembly would be
the development of surface that inhibits bacterial growth.
Coatings that function as inhibitors could also be a solution,
for preventing biofilm assembly on medical devices.
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